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ABSTRACT
We present an analysis of archival observations with the Atacama Large (sub-)Millimetre Ar-
ray (ALMA) of the gravitationally lensed quasar MG J0414+0534, which show four compact
images of the quasar and an Einstein ring from the dust associated with the quasar host galaxy.
We confirm that the flux-ratio anomalies observed in the mid-infrared and radio persists into
the sub-mm for the continuum images of the quasar. We report the detection of CO (11–10)
spectral line emission, which traces a region of compact gas around the quasar nucleus. This
line emission also shows evidence of a flux-ratio anomaly between the merging lensed im-
ages that is consistent with those observed at other wavelengths, suggesting high-excitation
CO can also provide a useful probe of substructures that is unaffected by microlensing or dust
extinction. However, we do not detect the candidate dusty dwarf galaxy that was previously
reported with this dataset, which we conclude is due to a noise artefact. Thus, the cause of the
flux-ratio anomaly between the merging lensed images is still unknown. The composite com-
pact and diffuse emission in this system suggest lensed quasar-starbursts will make excellent
targets for detecting dark sub-haloes and testing models for dark matter.
Key words: gravitational lensing: strong – quasars: general – cosmology: dark matter –
submillimetre: general – line: profiles – submillimetre: ISM
1 INTRODUCTION
Almost all well-studied four-imaged gravitationally-lensed quasars
have image flux ratios that are inconsistent with those expected
from a smooth lensing mass distribution (e.g. Koopmans et al.
2003). These so-called flux-ratio anomalies are primarily thought
to be due to a local perturbation in the mass model that effects one
or more of the image magnifications. These perturbations can be in
the form of a population of low-mass sub-haloes either within the
lensing galaxy or along the line-of-sight that are predicted by dark
matter simulations (e.g. Mao & Schneider 1998; Dalal & Kochanek
2002; Xu et al. 2012), or due to massive companion satellite galax-
ies of the main lens (e.g. McKean et al. 2007; More et al. 2009),
or from unaccounted for mass structure in the form of large-scale
galactic discs (e.g. Gilman et al. 2017; Hsueh et al. 2018). In ad-
dition, disentangling these flux-ratio anomalies from microlensing
by stars within the lensing galaxy, or extrinsic effects such as scin-
tillation or extinction, can be difficult due to the compactness of the
lensed images (Sluse et al. 2013).
The confirmation of a persistent flux-ratio anomaly has typi-
cally required high-resolution radio or mid-infrared observations,
where the source is expected to be largely immune to microlens-
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ing and dust extinction (Minezaki et al. 2009; Jackson et al.
2015). Recently, the narrow-line emission from gravitationally-
lensed quasars has provided an alternate strategy to measure re-
liable flux ratios, as this emission is expected to probe scales larger
than is typically affected by microlensing and is not expected to
be effected by intrinsic variability (Moustakas & Metcalf 2003;
Nierenberg et al. 2016, 2017).
However, the flux-ratio anomaly method has thus far been lim-
ited by the very small statistical samples of around 7 quadruply-
imaged lensed quasars that are suitable for constraining dark mat-
ter (Dalal & Kochanek 2002; Xu et al. 2015). In the near and long-
term, large-scale surveys at optical wavelengths through, for ex-
ample, the Dark Energy Survey (DES; e.g. Agnello et al. 2017)
and Euclid (e.g. Serjeant 2014) will substantially increase the num-
ber of known gravitationally-lensed quasars with four images and
provide a sample size that is large enough to rule out models for
dark matter (Gilman et al. 2018). These systems will need to be
followed-up with either radio/mid-infrared continuum or narrow-
line flux measurements to establish robust flux ratios, which them-
selves may have unknown systematics (for example, on the as-
sumed source size). Therefore, new methods for robustly measur-
ing the flux ratios of the lensed images are required to test for such
systematics, provide independent measurements for the same ob-
jects, or to increase sample sizes in general.
© 2018 The Authors
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In this letter, we present the detection of a flux-ratio
anomaly in the high-excitation CO (11–10) emission line from
the gravitationally-lensed quasar MG J0414+0534, which reveals a
new and independent channel for quantifying low-mass dark matter
haloes.
MG J0414+0534 is a radio-loud quasar at z = 2.64 that is
gravitationally-lensed into four images by a foreground galaxy at
z = 0.96. While the optical and near-infrared fluxes of this lensed
quasar are effected by microlensing and extinction, the anomalous
fluxes of images A2 and B, relative to image A1, persist at mid-
infrared and radio wavelengths. The nature of the flux-ratio anoma-
lies are quite complex; image B is thought to be affected by an
optically-luminous companion galaxy to the main lens (object X;
Falco et al. 1997; Ros et al. 2000; Minezaki et al. 2009), whereas
image A2 is thought to be perturbed by a dark sub-halo with a mass
∼ 107 M (within the Einstein radius; MacLeod et al. 2013).
A possible detection of mm-continuum emission from this op-
tically dark sub-halo (object Y, located 0.6 arcsec East of image
A2) was recently reported by Inoue et al. (2017) from deep Ata-
cama Large (sub-)Millimetre Array (ALMA) observations. If gen-
uine, this would confirm that the flux-ratio anomaly between the
two merging images is due to a single low mass sub-halo, as pre-
dicted from cold dark matter models.
Here, we re-analyse the ALMA observations of
MG J0414+0534 to investigate the flux-ratio anomaly in the
continuum and, for the first time, also in the molecular gas
emission from a lensed quasar at mm-wavelengths. We confirm
that there is a flux-ratio anomaly in the continuum emission from
the quasar, but we do not find any evidence for the candidate
dusty dwarf galaxy, object Y. We detect a flux-ratio anomaly in
the mm molecular gas emission, which is consistent with that
seen at radio and mid-infrared continuum measurements for this
object. In Sections 2 and 3 we report the observations and results,
respectively, and in Section 4 we discuss our results in the context
of substructure searches and consider future prospects for a direct
detection of a dark sub-halo.
2 OBSERVATIONS AND DATA REDUCTION
MG J0414+0534 was observed with ALMA at a central frequency
of 342 GHz (Band 7) on 2015 June 13 and 2015 August 14 (PI
Inoue; project code 2013.1.01110.S). This frequency also pro-
vided an observation of the CO (11–10) emission line (νrest =
1267.014 GHz). The first set of observations were split into two
blocks of about 80 mins duration each, with a combined on-source
integration time of about 100 mins. In total, 35 antennas from the
12-m array were used, with baselines ranging from 21 to 687 m.
The second observation (third observing block) was carried out
over about 135 mins, with about 50 mins on-source. Here, 42 an-
tennas from the 12 m array were used with baselines between 15
and 1575 m. The flux-density calibration was carried out using
J0238+166, and the complex gains (amplitude and phase) as a func-
tion of frequency and time were solved for using J0423−013 and
J0426+0518, with phase referencing carried out at 7 min intervals.
For the second set of observations, which included longer baselines,
an observation of J0406+0637 was used to correct for the residual
delays over the large bandwidth. The data were recorded using both
linear polarizations (XX and YY) over four spectral windows cen-
tred on 335.0, 336.9, 347.0 and 349 GHz with 2 GHz bandwidth
each. The visibilities were correlated using an integration time of
2 s and 128 channels per spectral window.
The raw visibility dataset was processed using the ALMA
pipeline within the Common Astronomy Software Applications
(CASA) package to produce calibrated visibilities, which were in-
spected as a function of time, uv-distance and frequency to check
the overall quality of the reduction. As the spectral line is spread
across two spectral windows, we modified the pipeline to prevent
flagging of the edge channels and allow a bandpass solution to
be derived for the whole spectral window. After data inspection
and flagging of a bad antenna, imaging and self-calibration of the
continuum were carried out within CASA using a super-uniform to
natural weighting to determine an accurate source model that ac-
counted for both the small and large-scale structure of the target.
Phase-only self-calibration over several time-scales, starting with
each scan length, was used to progressively build the model for the
source surface brightness distribution, down to a solution interval
of 240 s. Note that this phase-only self-calibration was needed to
both align the observations that were taken on different days and
to correct for residual phase errors that remained after phase refer-
encing. The self-calibrated phase corrections that were derived for
the continuum as a function of time were then applied to the spec-
tral line channels. The spectral line data was prepared by fitting a
model to the line-free continuum and subtracting this model from
the visibilities.
The flux densities of the compact components (continuum and
spectral line) were measured by fitting models of delta functions
to each image directly in the visibility plane using UVMULTIFIT
(Martí-Vidal et al. 2014), which are presented in Table 1.
3 RESULTS
3.1 Continuum
Using a natural weighting of the visibility data, we detect an Ein-
stein ring of diffuse emission as well as four bright, compact com-
ponents that we identify as composite thermal dust and non-thermal
synchrotron emission, respectively (see Fig. 1). This combination
is consistent with the overall FIR–radio spectral energy distribution
of MG J0414+0534 (Stacey et al. 2018). The total flux-density is
S340 GHz = 24.3 ± 1.2 mJy, of which about 50 percent is contained
in the compact images.
Contrary to the findings of Inoue et al. (2017), we do not detect
a source near image A2 (object Y). We do find a 4σ surface bright-
ness peak at this position in the pipeline-reduced data before self-
calibration, in addition to a number of higher significance artefacts
that are caused by residual phase errors; given that the noise is cor-
related in the sky-plane for interferometric data, the requirements
for blind detections in the radio are typically > 6.5σ. These arte-
facts, including object Y, do not remain in the data after subsequent
steps of self-calibration. The rms noise in our naturally-weighted
image, after correcting for the residual antenna-based phase errors
is 19 µJy beam−1, in comparison to the 65 µJy beam−1 from the
analysis by Inoue et al. (2017). To test that we did not bias the re-
sult with our choice of model during self-calibration, we also used
an initial model that included object Y (as described in Section 2).
However, the calibration does not converge to a solution were ob-
ject Y remains after the process. Therefore, we conclude that object
Y is a noise artefact resulting from residual phase errors rather than
a genuine astronomical source.
With super-uniform weighting of the visibility data, we de-
tect four compact components that are coincident with the opti-
cal and radio core of the AGN (see Fig. 1). The merging images
MNRAS 000, 1–5 (2018)
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Figure 1. ALMA 340 GHz continuum image of MG J0414+0534 using a natural (left) and a super-uniform (right) weighting of the visibilities. Clockwise
from the brightest image A1 are images A2, B and C. The naturally weighted image has a beam-size of 0.30 × 0.25 arcsec at a positional angle of 37.6 deg
East of North, and an rms map noise of 19 µJy beam−1. The super-uniform weighted image has a beam-size of 0.12 × 0.10 arcsec at a positional angle of
32.3 deg East of North, and an rms map noise of 91 µJy beam−1.
are also marginally resolved and show evidence for an additional
low surface brightness component, likely due to some contribution
from compact dust emission. We fit a model of delta functions to
the lensed images in the visibility plane (described in Section 2)
for which we use only epoch 2 due to its higher angular resolu-
tion. We also attempted to fit Gaussian models, however, as the
images are only marginally resolved and there is some evidence of
extended dust emission also, the fitting did not produce stable re-
sults. We detect a flux-ratio anomaly between images A1 and A2
(see Table 2), as seen at longer wavelengths, which have a ratio of
SA2/SA1 = 0.86 ± 0.01 in the continuum. This ratio is more ex-
treme than the flux ratio measured at ∼GHz radio frequencies and
in the mid-infrared, all of which are dominated by AGN emission.
The flux ratios from the radio to near-infrared are shown in Fig. 2.
A slight trend can be seen from 1.4 to 340 GHz towards a more ex-
treme flux-ratio anomaly between images A1 and A2. If genuine,
this trend is likely the effect of a change in the source structure,
where the lensed emission is more extended at lower frequencies
due to an additional contribution from the steep-spectrum jet emis-
sion and the larger size of the synchrotron self-absorbed AGN core.
Similarly, a less extreme flux ratio in the mid-infrared may be ex-
plained by the dusty torus being extended on scales larger than the
sub-mm core.
3.2 CO (11–10)
The CO (11–10) molecular gas emission from MG J0414+0534
is clearly detected in the moment-zero map (see Fig. 3), which is
found to be coincident with the four images of the lensed quasar.
From extracting the one-dimensional spectral profile over the merg-
ing images A1 and A2 (see Fig. 4), we find that the line profile is
broad and asymmetric, with a higher flux density in the blue-shifted
component. The spatially resolved velocity structure for images A1
and A2 (see Fig. 5) shows that there is evidence of a rotating gas
structure around the central black hole of the quasar; also, the blue-
shifted component approaches the critical curve of the lens, and
therefore subject to a higher magnification. Thus, the asymmetric
line profile we observe is due to differential magnification across
the velocity field, rather than an intrinsic property of the source,
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Figure 2. The continuum flux ratio of images A2, B and C relative to im-
age A1 from the radio to near-infrared. The CO (11–10) flux ratios are also
shown, marked with open triangles at an arbitrary frequency. The flux ra-
tios measured in the near-infrared are affected by extinction and microlens-
ing. The radio, mid-infrared and near-infrared measurements are taken from
Katz et al. (1997), MacLeod et al. (2013), and Kochanek et al. (1999), re-
spectively.
as has been seen in the molecular gas emission from other lensed
galaxies (Rybak et al. 2015b; Paraficz et al. 2018). A single Gaus-
sian fit to the line profile from images A1 and A2, gives a line
FWHM of 1080 ± 20 km s−1. The gas also has a high velocity dis-
persion of 300 km s−1 at the position of the black hole, as seen in
the moment-two map of images A1 and A2 (see Fig. 5).
We find that the line emission from the merging images is
marginally spatially-resolved. The compact size, high velocity dis-
persion and broad profile of the line emission are consistent with
warm, dense gas in the vicinity of the AGN. While large velocities
are found in the broad line region of AGN, Lawrence et al. (1995)
find Balmer lines with FWHM ∼ 4000 km s−1 for this quasar, sug-
gesting the gas is outside this region. There is no evidence of a
MNRAS 000, 1–5 (2018)
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Table 1. The flux densities of the 340 GHz continuum and CO (11–10) line
emission (measured between −300 and 0 km s−1).
Image Scont (mJy) Sline (mJy)
A1 4.43 ± 0.05 2.54 ± 0.09
A2 3.82 ± 0.05 2.11 ± 0.09
B 1.50 ± 0.05 0.91 ± 0.09
C 0.63 ± 0.05 0.40 ± 0.09
Table 2. The flux ratios of the lensed images at 340 GHz continuum and
CO (11–10) line emission (measured between −300 and 0 km s−1).
Images Rcont Rline
A2/A1 0.86 ± 0.01 0.83 ± 0.05
B/A1 0.34 ± 0.01 0.36 ± 0.04
C/A1 0.14 ± 0.01 0.16 ± 0.04
change in the line profile between the two epochs (2015 June and
August) that would suggest the gas is intrinsically variable or sub-
ject to microlensing.
We fit models to the lensed images in the visibility plane (de-
scribed in Section 2), using the channels around the peak of the
line in the velocity range −350 to 0 km s−1. We select this range of
the data as it has the highest signal-to-noise ratio and the emission
is compact enough that it can be well approximated by delta func-
tions. Furthermore, this corresponds to the blue-shifted component
of the line emission that is close to the critical curve, and therefore
should have a flux ratio that is close to unity for a smooth mass dis-
tribution in the absence of substructure. The measured flux ratios
of the line emission are given in Table 2.
The flux ratios in the CO between images A1 and B, and be-
tween images C and B, are consistent with the anomalies detected
in the radio and mid-infrared bands, which are attributed to the sec-
ondary lensing galaxy (object X). We detect a flux-ratio anomaly
between the merging images of SA2/SA1 = 0.83 ± 0.05. Image A2
is suppressed relative to A1, as observed at mid-infrared (Minezaki
et al. 2009; MacLeod et al. 2013) and radio wavelengths (Katz et al.
1997, for example). The similarity of the flux ratios of images B
and C in the CO and mid-infrared suggests that the gas is on a
scale comparable to the AGN torus, as primarily observed in the
mid-infrared. However, the flux-ratio anomaly between images A1
and A2 is more extreme than observed in the mid-infrared or mm-
continuum as the blue-shifted component of the line emission is
likely offset from the position of the central black hole and, being
close to the critical curve, is also preferentially magnified. This is
the first detection of a flux-ratio anomaly in the mm-line emission
from a gravitationally lensed quasar.
4 DISCUSSION AND CONCLUSIONS
Although the image flux ratios of gravitationally lensed quasars can
be used to test models of galaxy formation and dark matter, the
technique is currently limited by the small number of suitable ob-
jects that can be used in the analysis (e.g. Xu et al. 2015). Here, we
have shown the detection of a flux-ratio anomaly in the molecular
gas from a lensed quasar for the first time. By targeting the high
excitation CO (11–10) emission, we are able to probe a compact
region that is close to the central super-massive black hole, which
gives an independent measurement to the flux ratios observed in the
mm-continuum and other wavebands. In addition, we have shown
that there is no evidence of variability in the line emission from
Figure 3. The CO (11–10) integrated line intensity (moment-zero) using a
Briggs weighting scheme for the visibility data.
Figure 4. The CO (11–10) line profile from MG J0414+0534 for images A1
and A2 (red). The dotted lines show the spectra from 2015 June 13 (green)
and 2015 August 14 (blue), and demonstrate that there is no change in the
line profile over this timescale. The data for epoch 2 has been smoothed
with a boxcar kernel of width 5 channels. The systemic velocity is relative
to z = 2.639, using the radio definition of the velocity.
either intrinsic or extrinsic effects and, as the dust is optically thin
to the line emission, the CO (11-10) flux-ratios are not affected by
extinction. Thus, the study of molecular line emission appears to be
a promising method to measure flux-ratio anomalies.
As well as providing an independent measurement of the flux
ratios, studies in the mm-regime have several advantages over other
wavelengths. First, as shown here and in many other cases, the
thermal dust emission in high redshift objects is sufficiently ex-
tended to produce an Einstein ring; such data can provide impor-
tant constraints to the lensing macro-model, even at a low-angular
resolution (e.g. Rybak et al. 2015a). Therefore, lenses that produce
only two-images could also now be used in the analysis, increas-
ing the sample size. Second, interferometric arrays such as ALMA
can provide sufficiently high angular resolution (> 10 mas) such
MNRAS 000, 1–5 (2018)
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Figure 5. The CO (11–10) velocity-field (moment one; upper) and velocity
dispersion (moment two; lower), for the merging images A1 and A2. Pixels
below the 5σ-level are masked out. The synthesized beam FWHM is shown
in the bottom left-hand corner.
that any degeneracies between the inferred level of substructure
and the source model (often assumed to be point-like) can be min-
imised. Finally, 70 percent of known gravitationally lensed quasars
are FIR-bright (Stacey et al. 2018), and so are expected to have de-
tectable high excitation gas associated with the quasar. This, cou-
pled with the large-scale lens surveys being carried out with DES,
for example, will provide a large population of potential targets for
this work in the near-term. A pilot study of a well-selected sample
of lensed quasars to investigate this is planned.
Our study of MG J0414+0534 has not revealed the cause of the
flux-ratio anomaly, although the similar flux ratios observed here
and at other wavebands does suggest that it is due to some pertur-
bation in the lensing potential. However, we have demonstrated that
it is not due to a candidate dwarf satellite close to images A1 and
A2 that was previously reported. As the magnitude of the anomaly
is consistent with other studies, we have not tested the possible
mass models that are consistent with the data, which we defer to
a follow-up paper. This will include combining the continuum and
line emission data (e.g. Hezaveh et al. 2013) to determine whether
the perturbation is due to a sub-halo or a more massive structure
that is currently unaccounted for in the lensing macro-model.
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